We have developed a novel, hybrid imaging modality, Transient Absorption Ultrasonic Microscopy (TAUM), which fuses photoacoustic microscopy with non-linear microscopy. Photoacoustic microscopy is well known for its ability to image chromophores deep (> 1 mm) in scattering media with spatial resolutions in the 10s of microns. Non-linear microscopy is well known for its exquisite spatial resolution in three dimensions. This superior spatial resolution is attributed to the fact that the collected signal has a non-linear dependence on the light intensity. This dependence confines the signal to a very small focal volume, producing optically resolved voxels. Transient absorption is a non-linear process often used to map the excited state lifetimes of molecules exhibiting low fluorescence quantum efficiency. This sensitivity to non-radiative transitions makes transient absorption an attractive process to combine with photoacoustic imaging. We have built a prototype transient absorption ultrasonic microscope, implementing off-axis photoacoustic detection to allow the use of a high-quality, high numerical aperture objective. This high-quality, commercial lens is required to provide the tight focusing needed to optimize non-linear effects. We have demonstrated the increased spatial resolution of TAUM by imaging Rhodamine 6G in a capillary tube. The capillary cross-section is fully resolved, suggesting an axial resolution of < 10 microns. A 6 MHz transducer was used in this experiment, which results in an axial resolution of ~ 400 microns when used in a traditional photoacoustic microscope. Boasting the superior penetration depth and absorption contrast offered by photoacoustic emission and complemented by spatial resolutions comparable to confocal microscopy, we believe that Transient Absorption Ultrasonic Microscopy has excellent potential for producing volumetric images with cellular/subcellular resolution in three dimensions deep inside living tissue.
INTRODUCTION
Photoacoustic microscopy (PAM) [1] is an emerging imaging technology combining optical and ultrasound imaging to achieve high contrast, high resolution images of chromophores in highly scattering media. Common chromophores targeted with this technique include hemoglobin [2] , melanin [3] , gold nanoparticles [4] , and dyes [5] . High resolution imaging up to several millimeters deep in tissue is possible due to the weak attenuation of ultrasound waves when compared to optical waves [1] . Recent advances have significantly improved the lateral spatial resolution by optically limiting the excitation volume [6] enabling submicron lateral resolution. More recently, the lateral resolution of a photoacoustic microscope is determined by the optical focusing (OR-PAM), rather than the focusing parameters of the transducer. Since the axial resolution is still determined by the time-resolved acoustic signal, there is a great discrepancy in these values, leading to a highly asymmetric voxel.
A more symmetric voxel, and perhaps more importantly, higher axial resolution, could enable cellular/subcellular resolution imaging, which provides a host of new applications for photoacoustic microscopy. However, improving the axial resolution is not trivial. Increasing the axial resolution by increasing the detector bandwidth is effective up to resolutions of ~ 10-15 microns. Any higher and the frequency dependent attenuation is too great. In order to achieve a 1 micron axial resolution, a 1.5 GHz transducer would be required, which limits the imaging depth to 10s of microns. Therefore, increasing the transducer bandwidth is not a plausible way of achieving high axial resolution.
We have devised an alternate approach, Transient Absorption Ultrasonic Microscopy (TAUM), which makes use of optical nonlinearites to increase the sectioning capability in the axial dimension. The approach effectively fuses pump-probe absorption spectroscopy with photoacoustic microscopy. Pump-probe absorption spectroscopy is a well-established tool in molecular physics for measuring the spectrum and dynamics of molecular species that exhibit low fluorescence quantum yield. Pump-probe spectroscopy inherently measures pump-induced changes in the attenuation of the probe. In this technique, a probe pulse is preceded in time by a pump pulse. The pump pulse excites some of the molecules of the chromophore into the excited state. The probe pulse then interrogates the ground state population by exciting a percentage of the remaining ground state molecules. The attenuation of the probe beam (or probe photoacoustic signal in our case) is then a function of the presence or absence of the pump pulse. In addition to nonlinear interactions improving the axial sectioning, this technique can provide access to chromophore-specific parameters such as molecular lifetime and transient absorption spectra, which may be used for increased molecular specificity.
METHODS AND MATERIALS
In order to evaluate the imaging potential of this technique, a prototype system was built. A 532nm q-switched laser was used as the excitation source. The beam was sent through a beam splitter to separate into pump and probe components. The probe beam was delayed ~1 ns from the pump through an optical delay line created by two mirrors. Each beam then passed through opposite sides of a dual optical chopper, modulating each beam at a separate frequency. The beams were then recombined and sent into our off-axis photoacoustic microscope [7] . The excitation light was focused on to the sample through a 0.8 NA water immersion objective with a 3.5 mm working distance. The acoustic waves were collected using a 6 MHz ultrasonic transducer with a nominal bandwidth of 80% and an NA of 0.23. Figure 1 shows a schematic of the prototype TAUM system. A motorized stage was used to translate the sample for two-dimensional scanning and a digital oscilloscope was used to digitize the collected signals. One of the largest obstacles to overcome regarding this technique was the need to separate the photoacoustic signal contribution from the pump and probe pulses. With a 1 ns separation time, the resulting PA signals were essentially overlapped. This made it impossible to extract the probe signal to observe the pump-dependent attenuation. In order to overcome this issue, we chose to observe the signals in the frequency domain. Encoding the pump and probe beams with different modulations using the optical chopper allowed us to separate the photoacoustic contributions in the frequency domain. The spatially confined TAUM signal was then located at the beat frequencies of the pump and probe beams, due to the product relationship of the interaction of the pump and probe. Filtering around the proper frequencies, then integrating all of these frequencies across the bandwidth of the detector yielded the spatially confined transient absorption signal.
RESULTS AND DISCUSSION
As a proof-of-concept experiment to demonstrate the improved axial resolution of the TAUM technique, a 50 micron (ID) capillary tube was filled with Rhodamine 6G and imaged using the TAUM system. The Rhodamine was prepared at a concentration of 500 μM and drawn into the capillary tube. It was then fixed in a water bath and placed in the TAUM system. Figure 2 shows the results obtained from imaging the tube. Panel A in Fig. 2 shows a typical b-scan image. The capillary tube looks to be around 50 microns in the lateral dimension, but ~ 400 microns in the axial dimension. Panel B shows a blown up portion of panel A. This is shown in order to provide a 1:1 spatial ratio with the TAUM image for direct comparison. Panel C shows the TAUM image of the capillary tube. The tube is highly visible with defined boundaries at the top and bottom of the tube. The dimensions show the tube to be roughly 50 microns in diameter, unlike the previous two panels, which show a large amount of image smearing in the axial dimension. A direct comparison of panels B and C indicate the significant increase in axial sectioning achieved using the TAUM technique. It is important to note that the signal content in the axial dimension of the b-scan is almost 4 times greater than the entire field of view in the TAUM image.
It is important to note some observations. In the TAUM image there is some haloing around the tube. This is attributed to bleeding of the dye into the surrounding capillary tube. While these results do not specifically measure the axial resolution of the technique, it can be inferred from the images that improved axial sectioning is achieved through the nonlinear technique. The axial resolution may be estimated from the image of the capillary tube to be < 10 microns, although the theoretical axial resolution based off of the transducer bandwidth (traditional PAM) is ~ 400 microns.
Although preliminary results are promising, there is a lot of work to be done to improve upon this technique. In order for volumetric data to be acquired, the system will have to be sped up. Currently, the pixel rate of the system is around 0.5 Hz, which precludes volumetric images, as well as in vivo studies. We are currently working on a second-generation system that utilizes an FPGA digitizer board to greatly increase the imaging speed by performing much of the processing on the board in real time. Using this method will allow the system to only be limited by the repetition rate of the laser and the number of pulses used per pixel for the Fourier domain analysis. We expect to achieve pixel rates of up to 500 Hz with this second-generation system.
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